Small RNA guides for de novo DNA methylation in mammalian germ cells by Aravin, Alexei A. & Bourc'his, Déborah
PERSPECTIVE
Small RNA guides for de novo DNA
methylation in mammalian germ cells
Alexei A. Aravin1 and Déborah Bourc’his2,3
1Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA; 2Institut National de la Santé
et de la Recherche Médicale (INSERM) U741/Paris 7 University, 75251 Paris Cedex 05, France
Germline genomic methylation is essential for gamete
identity and integrity in mammals. The study by Kura-
mochi-Miyagawa and colleagues (pp. 908–917) in the pre-
vious issue of Genes & Development links the process
of DNA methylation-dependent repression of retro-
transpons with the presence of piwi-interacting RNAs
(piRNAs) in fetal male germ cells undergoing de novo
methylation.
Cytosine methylation provides a stable, heritable, and
reversible mark for transcriptional repression. Repro-
gramming of the methylation repertoire at each passage
through the germline is a mammalian characteristic. An
erasure step allows the acquisition of an epigenetic state
unique to the germ cell lineage and central to the trans-
mission of totipotency over generations. Subsequent ini-
tiation of gametic methylation has a major impact on
fertility, by silencing parasitic transposable elements
(TEs) and providing a parental mark for the monoallelic
expression of imprinted genes. To control the over-
whelming genomic contribution of TEs and their delete-
rious effects on gamete integrity, a variety of repressive
mechanisms, including DNA methylation in mammals,
have been developed over the course of evolution to lead
to their suppression.
Gametic de novo methylation involves the activity of
the DNA methyltransferases Dnmt3A and Dnmt3B, as-
sisted by their regulatory factor Dnmt3L. Studies based
on structural, biochemical, and DNA analyses provided
information as to how these proteins functionally inter-
act to add methyl groups on cytosines within CG di-
nucleotides. Besides this general recognition of CG sites,
additional signals targeting DNA methylation to specific
genomic sequences are progressively elucidated. Specific
histone modifications and energy-dependent chromatin
remodeling enzymes have been shown to regulate the
accessibility of DNA methyltransferases to their sub-
strates. A specific class of small RNAs, the piwi-inter-
acting RNAs (piRNAs), was most recently proposed to
guide DNA methylation in male germ cells in the
mouse. The developmental analysis performed by Kura-
mochi-Miyagawa et al. (2008) in the context of normal
and Piwi-mutant spermatogenesis, published in the pre-
vious issue of Genes & Development, definitely supports
the existence of an RNA-directed pathway triggering the
initiation of DNA methylation in the mammalian germ-
line. The different pieces of the puzzle now lay on the
table. Deciphering how these different pieces connect to-
gether to control the establishment of gametic methyla-
tion patterns at the right time and at the right place will
be the next exciting challenge in the field.
Ontogeny of methylation patterns in the mammalian
germline
DNA methylation mostly concerns cytosines involved
in CG dinucleotides in mammals (Goll and Bestor 2005).
Transposable elements (TEs) and pericentromeric re-
peats represent the most prominently methylated com-
partments of the genome (Yoder et al. 1997; Rollins et al.
2006). Allele-specific methylation is a characteristic of
control regions of imprinted genes and genes subject to X
inactivation, while CpG islands associated with nonim-
printed autosomal genes are mostly unmethylated. An
erasure and subsequent re-establishment of genomic
methylation occur at each generation in the mammalian
germline (Trasler 2006). This reprogramming prevents
the inheritance of epimutations and ensures the reset-
ting of gametic imprinted methylation marks according
to the sex of the individual.
A small cohort of pluripotent epiblast cells is set aside
early during mammalian development to become
the founder population of primordial germ cells (PGCs).
The germline compartimentalization occurs ∼7 d post-
coitum (dpc) in the mouse (McLaren 2003). At this stage,
PGCs exhibit a somatic-like pattern of genomic methyl-
ation that is maintained during their proliferating
and migratory phase, ending in the genital ridges at 10.5–
11.5 dpc. The proximity of the genital ridges triggers a
global loss of DNA methylation, and PGCs colonizing
the gonads at 12.5–13.5 dpc are globally hypomethylated
(Yamazaki et al. 2005). This period provides a develop-
mental window where TEs are not silenced by DNA
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methylation; however, some level of methylation is con-
served at a particularly aggressive subclass of TEs (LTR-
retrotransposon IAP) within the demethylated genome
(Hajkova et al. 2002).
At 13.5 dpc, the genetic sex imposes a specific devel-
opmental and epigenetic fate to female and male PGCs.
In the developing mouse ovary, germ cells synchronous-
ly enter prophase of the first meiotic division and
progress until birth when they undergo a specialized
arrest stage known as dictyate. The diameter of the
oocyte increases dramatically during the subsequent
maturating phase, reaching a critical size that triggers
de novo methylation just before ovulation (Trasler 2006).
In males, PGCs continue to proliferate until 14.5 dpc,
where they enter mitotic G0/G1 arrest as prospermato-
gonia. Quiescent prospermatogonia undergo de novo
methylation within a few days from 15.5 dpc until birth
(Kato et al. 2007), where they become spermato-
gonial stem cells (SSCs) and resume mitosis. SSCs pro-
vide a continuous supply of male gametes through-
out life. Male methylation patterns are maintained
during the whole spermatogenetic cycle, beginning with
a SSC and ending with the release of mature spermato-
zoa.
The selective pressure for de novo methylation
in the male germline in mammals
Mammalian male and female gametogenesis are very dif-
ferent in terms of developmental progression. Notably,
the male germline contains life-long regenerating stem
cells, while the female germline relies on meiotically
arrested oocytes stored since prenatal life. The kinetics
and targeting of de novo methylation are also subject to
a profound sexual dimorphism. As outlined above, male
gametic methylation is a premeiotic phenomenon occur-
ring in fetal life. It targets the entire population of
prospermatogonia, upstream of the formation of ac-
tively dividing and self-renewing SSCs. Female gametic
methylation occurs after birth and at each reproductive
cycle, in cohorts of meiotic oocytes committed to ovu-
lation. Beside the sex-specific methylation found at ma-
ternally and paternally imprinted genes, TEs are also dif-
ferentially methylated in the male and female germlines
(Sanford et al. 1987; Lucifero et al. 2007). Retrotrans-
posons, which are the main TE representatives in mam-
malian genomes, have a higher invading ability in ac-
tively replicating cells (Kubo et al. 2006). Germlines con-
taining a source of continuously dividing stem cells
would be predicted to require multiple robust repressive
pathways to compensate for this vulnerability toward TE
amplification. The existence of SSCs in males is indeed
associated with a dense methylated state at TEs, while
nondividing oocytes tolerate a partial methylated state
for similar sequences. Coincidentally, repression of TEs
via alternative transcriptional and post-transcriptional
means is inherent to gametic differentiation in both
sexes in Drosophila and Caenorhabditis elegans, where
male and female germlines indistinctly contain a source
of stem cells. Efficient and heritable TE silencing has
been proposed to be the driving force for the evolution of
gametic DNA methylation in mammals (Yoder et al.
1997). Genomic imprinting may be a side effect of this
primary role in host defense, co-opting this existing sys-
tem for the purpose of parent-specific expression of a
subset of developmentally important genes (Barlow
1993).
The gametic de novo methyltransferase complex
Developmental and genetic studies have pointed to the
major involvement of two proteins belonging to the fam-
ily of DNA methyltransferases, Dnmt3A and Dnmt3L,
in global gametic methylation. While Dnmt3B plays a
role in somatic lineages in the early embryo, its contri-
bution to germ cell methylation is limited (Kaneda et al.
2004; Kato et al. 2007). Dnmt3A and Dnmt3B catalyze
the transfer of methyl groups preferentially on unmeth-
ylated DNA, a feature of de novo methylating enzymes.
Dnmt3L is an inactive paralog (L for like) specifically
expressed in embryonic stem (ES) cells and during game-
togenesis at the exact time when de novo methylation is
established (Bourc’his et al. 2001; Trasler 2006). Targeted
inactivation of Dnmt3L or Dnmt3A in mouse induces
a similar failure in gametic methylation establish-
ment, with a dramatic effect on TEs in males, while
maternally imprinted genes are affected mostly in fe-
males (Bourc’his et al. 2001; Bourc’his and Bestor 2004;
Kaneda et al. 2004; Lucifero et al. 2007). A massive re-
activation of different classes of TEs is observed in mu-
tant male germ cells and is associated with a sterility
phenotype. TE mobilization is known to induce DNA
damage and chromosome rearrangements and can per-
turb developmental expression programs upon integra-
tion or by position effect (Deininger et al. 2003; Maksa-
kova et al. 2006). An interruption of the spermatogenetic
process at the pachytene stage due to pairing anomalies
between homologous chromosomes, combined with a
rapid exhaustion of the SSC pool, leads to a complete
depletion in the germ cell complement of Dnmt3L−/−
testes within a few weeks after birth. The primary role of
Dnmt3L on gametic TE silencing in mammals is empha-
sized by the phylogenetic restriction of this protein to
the mammalian clade and its high divergence rate com-
pared with catalytically active Dnmts (Yokomine et al.
2006). Dnmt3L, as a regulatory factor, has been proposed
to provide the adaptability of the de novo methylation
system to counteract the rapid evolution of TE expan-
sion strategies.
Recent crystallographic studies have provided insight
into the mechanism of action of Dnmt3A and Dnmt3L
(Jia et al. 2007). These proteins associate into a tetra-
meric complex composed of a central Dnmt3A dimer
surrounded by Dnmt3L on each side. The interface
Dnmt3L/Dnmt3A potentially stabilizes the conforma-
tion of the active site loop of Dnmt3A, in agreement
with the significant stimulation induced by Dnmt3L on
Dnmt3A formerly evidenced in biochemical assays
(Chedin et al. 2002; Kareta et al. 2006). The dimeric as-
sociation of Dnmt3A gives the potential to methylate
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two CG sites in one binding event, provided that they are
separated by one helical turn of the DNA molecule (8–10
base pairs). This optimal CG spacing was not only tested
in vitro on synthetic DNA fragments, but it was also
confirmed to naturally occur in imprinting control re-
gions methylated during oogenesis (Jia et al. 2007). A
marked 8-nucleotide (nt) spacing between CG dinucleo-
tides was also found to be overrepresented throughout
the human genome (Ferguson-Smith and Greally 2007),
which potentially reflects the genome-wide distribution
of methylated TEs. It should be pointed out that the
methylation patterning induced by DRM2 (Domains Re-
arranged Methylase 2), a plant homolog of Dnmt3A,
shows the same periodicity on a genome-wide level
(Cokus et al. 2008). These observations suggest that the
interdependence between optimal target spacing and po-
sitioning of de novo DNA methyltransferases may be
conserved in eukaryote species with heavily methylated
genomes.
Manipulating chromatin states to regulate DNA
methylation
The simple sequence information does not resolve the
sex- and sequence-specific methylation of the male and
female germlines. Moreover, Dnmt3L does not bind
DNA per se, nor does it enhance the ability of Dnmt3A
to bind DNA (Kareta et al. 2006). De novo methylation
occurs in vivo in the context of an organized chromatin,
which likely adds an additional layer of methylation
regulation. The Dnmt3L protein indeed binds to the N-
terminal tail of histone H3 in ES cells (Ooi et al. 2007).
Peptide interaction assays showed that methylation at
the H3 Lys 4 residue eliminates the interaction of the H3
tail with Dnmt3L by steric occlusion, suggesting that
H3K4 methylation may protect against DNA methyla-
tion. In this model, Dnmt3L binds to genomic sequences
devoid of H3K4 methylation through its PHD-like do-
main (Plant HomeoDomain) and interacts with Dnmt3A
through its C-terminal region to locally stimulate de
novo methylation.
Dnmt3A is a nonprocessive enzyme in vitro, meaning
that it methylates where it lands on DNA (Gowher and
Jeltsch 2001). Processive motors have been shown to co-
operate with DNA methyltransferases. A favorable CG
spacing or H3K4 methylation state are therefore not the
sole regulators of de novo methylation. Lsh (lymphoid-
specific helicase), a protein related to the SNF2 family
of chromatin remodeling ATPases, is required for effi-
cient DNA methylation in mammals, as is its homolog
DDM1 (Decreased DNA Methylation 1) in plants (Den-
nis et al. 2001). The effect is particularly pronounced for
TE methylation and silencing in somatic cells, and po-
tentially in female germ cells as well (Dennis et al. 2001;
De La Fuente et al. 2006). Cellular assays have indicated
a direct association between Lsh function and de novo
methylation via Dnmt3A (Zhu et al. 2006). However, the
mechanism of action of Lsh in facilitating DNA meth-
ylation and its spatiotemporal position in the Dnmt3A–
Dnmt3L system at the time of gametic de novo methyl-
ation are unknown. Another SNF2 protein, ATRX, con-
firms the link between chromatin remodeling and DNA
methylation. Mutations in ATRX result in X-linked -
thalassemia with mental retardation in humans and cor-
relate with hypomethylation as well as hypermethyl-
ation at repetitive sequences in patients (Gibbons et al.
2000). These opposite effects may indicate that remod-
eling enzymes can facilitate as well as impede access of
DNA methyltransferases to DNA, depending on the
chromatin context.
piRNA-directed DNA methylation
While recent studies have started to uncover the role of
local chromatin states on Dnmt activity, it was still not
clear how specific sequences were recognized and
marked for de novo DNA methylation. A possible solu-
tion to this enigma came recently from an unexpected
direction: Small RNAs might provide specificity to this
process by serving as guides that direct DNA methyla-
tion to target genomic loci.
Small RNA or RNAi pathways operate in animals,
plants, and protozoa to regulate gene expression. The
effector complex consists of a 20- to 30-nt RNA that is
tightly bound to members of the Argonaute protein fam-
ily, equipped with an RNaseH-like domain that confers
ssRNA cleavage activity (Song et al. 2004). Bound small
RNAs provide a specific recognition system using
complementary interactions followed by Argonaute-in-
duced degradation or translational repression of target
mRNAs. Although siRNAs and microRNAs are mostly
involved in post-transcriptional repression, this pathway
has also been shown to influence gene expression by con-
trolling chromatin structure and transcriptional output.
Particularly, a single Argonaute protein in fission yeast
is involved in establishment and maintenance of repres-
sive chromatin modifications of heterochromatic loci
(Noma et al. 2004). In plants, small RNAs bound to the
Argonaute member Ago4 direct DNA methylation
through direct interaction with the RNA Polymerase IV
(El-Shami et al. 2007).
Until recently, it was not clear if small RNAs func-
tioned beyond the level of post-transcriptional regula-
tion in mammals. The situation changed when one
branch of the Argonaute protein family, the germline-
specific Piwi proteins, was shown to bind a specific class
of small RNAs. piRNAs are distinct and often slightly
larger as compared with microRNAs and siRNAs and are
described in Drosophila, C. elegans, zebrafish, and mam-
mals (Kim 2006). Two classes of piRNAs have been iden-
tified in the mouse. The first described piRNA species
originated from male germ cells at pachytene stage of
meiosis, ∼14 d post-partum (dpp), and were composed of
amazingly diverse sequence populations that were rela-
tively TE-poor and mapped mostly to unannotated
genomic regions (Aravin et al. 2006; Girard et al. 2006).
Their function is currently unknown. On the other side,
piRNAs expressed before pachynema, ∼10 dpp, consist of
different types of TEs (Aravin et al. 2007b) and appear to
be related to repeat-associated siRNAs bound to Piwi
Aravin and Bourc’his
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members in Drosophila and zebrafish (Aravin et al. 2003;
Vagin et al. 2006; Brennecke et al. 2007; Houwing et al.
2007). By their nature, repeat-derived piRNAs are able to
target TEs, which is supported by the activation of sev-
eral elements observed in Piwi mutants in Drosophila
and the mouse (Vagin et al. 2006; Aravin et al. 2007a;
Carmell et al. 2007). Piwi proteins, similarly to conven-
tional Argonautes, have RNA cleavage activity pointing
toward a transcript degradation mode of TE repression.
However, mutations in two mouse Piwi members, Mili
and Miwi2, also lead to elimination of TE DNA methyl-
ation in testes and to a sterility phenotype strikingly
identical to Dnmt3L−/− males (Aravin et al. 2007a; Car-
mell et al. 2007). These data suggested for the first time
the existence of an endogenous and developmentally
regulated small RNA-directed pathway influenc-
ing DNA methylation in the mammalian germline.
However, it was not clear whether the piRNA pathway
cooperated with the Dnmt3A–Dnmt3L de novo methyl-
ating system or was involved in the maintenance of
methylation patterns established previously by this
complex.
The discovery of repeat-derived piRNAs revealed a
system that was ideally suited to the recognition of TEs:
piRNAs working as specific guides that have enough se-
quence complexity to find small pieces of TEs scattered
throughout the genome. Furthermore, Piwi proteins and
piRNAs in Drosophila and the mouse operate in a cycle
that amplifies piRNA sequences matching actively tran-
scribed TEs (Aravin et al. 2007b). The findings of Kura-
mochi-Miyagawa et al. (2008) demonstrate that piRNAs
matching TEs are produced abundantly during the win-
dow of de novo methylation in fetal prospermatogonia
and are engaged in the so-called ping-pong amplification
cycle. By finally showing that the methylation defect
was present as early as 16.5 dpc in Mili and Miwi2 mu-
tant prospermatogonia, and therefore at the time of de
novo methylation initiation, Kuramochi-Miyagawa et al.
(2008) genetically proved that fetal piRNAs were in-
volved in de novo methylation rather than in mainte-
nance of pre-existing methylation. It should be noted,
however, that some gametic de novo DNA methylation
may be independent of the Piwi/piRNA pathway. Se-
quences from imprinted or other methylation-regulated
genes were not found in deeply sequenced fetal testis
piRNA libraries (A.A. Aravin and G. Hannon, unpubl.),
suggesting that the role of this pathway may be re-
stricted to the purpose of TE methylation and repression.
Many questions are still awaiting answers; most im-
portantly, the molecular mechanism underlying piRNA-
induced DNA methylation is not known. In order to find
their genomic targets, Piwi/piRNA complexes should be
present in the nucleus. Nuclear localization was indeed
shown for one of the Drosophila Piwi proteins (Bren-
necke et al. 2007), but not for mammalian Piwi mem-
bers. By analogy with the situation in fission yeast, it is
conceivable that Piwi–piRNA complexes recognize
nascent TE transcripts and interact with chromatin-
modification factors at target loci in cis (Zofall and
Grewal 2006). In this scenario, Piwi–piRNA complexes
may first recruit histone-modifying proteins affecting
H3K9 and H3K4 methylation states and then promote de
novo DNA methylation through the activity of the
Dnmt3A–Dnmt3L complex in mammals (Fig. 1). Future
studies should also address the specific roles of Piwi
members linked to fetal piRNAs Mili and Miwi2 in TE
repression and de novo DNA methylation. Through
these studies, we may uncover the fascinating links that
bring the worlds of small RNAs and de novo methylation
together in mammalian germ cells.
Concluding remarks
The synergic actions of the Dnmt3A–Dnmt3L complex,
chromatin remodeling proteins, histone modifications,
and piRNA pathway lead to de novo methylation and
repression of TEs in the mammalian male germline. At
this point, it is unclear how piRNAs fit into the whole
process. Considering the evolutionarily conserved role of
piRNAs in transcriptional TE silencing in organisms de-
void of genomic methylation, piRNAs might serve as
guides for histone-modifying and chromatin remodeling
proteins to genomic targets. De novo methylation then
mediates a heritable transcriptional repression at these
tagged loci in mammals, provided that the CG spacing
is compatible with the Dnmt3A substrate preference.
Combined genetic inactivation and biochemical experi-
ments will shed light on the epistatic relationships be-
tween these different protagonists and their order of
involvement in the process of gametic de novo methyl-
ation. In vitro models of gametic differentiation should,
moreover, provide important clues about the contribu-
Figure 1. Proposed mechanism for piRNA-induced DNA
methylation in male germ cells. Primary piRNAs produced
from TE-rich piRNA clusters join Piwi (Mili and/or Miwi2) pro-
teins. Sense (blue) and antisense (red) piRNAs are amplified in
the ping-pong cycle. Piwi–piRNAs complexes recognize nascent
TE transcripts in the nucleus and recruit chromatin modifiers to
TE genomic loci. Subsequent changes in histone marks (H3K4
methylation loss, H3K9 methylation gain, green diamonds) in-
duce the de novo activity of the Dnmt3A–Dnmt3L tetrameric
complex to establish methylation patterns.
Small RNA guides DNA methylation
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tion of intrinsic timing mechanisms and external signals
produced by the gonadal environment for de novo meth-
ylation induction in mammalian germ cells.
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